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In Brief
Adaptive immunity can compensate for a defect in the innate immune response, as seen with humans lacking a key TLR adaptor who can mount an antibody response to a bacterial pathogen.
SUMMARY
The molecular basis of the incomplete penetrance of monogenic disorders is unclear. We describe here eight related individuals with autosomal recessive TIRAP deficiency. Life-threatening staphylococcal disease occurred during childhood in the proband, but not in the other seven homozygotes. Responses to all Toll-like receptor 1/2 (TLR1/2), TLR2/6, and TLR4 agonists were impaired in the fibroblasts and leukocytes of all TIRAP-deficient individuals. However, the whole-blood response to the TLR2/6 agonist staphylococcal lipoteichoic acid (LTA) was abolished only in the index case individual, the only family member lacking LTA-specific antibodies (Abs). This defective response was reversed in the patient, but not in interleukin-1 receptor-associated kinase 4 (IRAK-4)-deficient individuals, by anti-LTA monoclonal antibody (mAb). Anti-LTA mAb also rescued the macrophage response in mice lacking TIRAP, but not TLR2 or MyD88. Thus, acquired anti-LTA Abs rescue TLR2-dependent immunity to staphylococcal LTA in individuals with inherited TIRAP deficiency, accounting for incomplete penetrance. Combined TIRAP and anti-LTA Ab deficiencies underlie staphylococcal disease in this patient.
INTRODUCTION
Staphylococcus aureus is a Gram-positive bacterium that colonizes the skin and nostrils of most healthy individuals (Li et al., 2015; Mulcahy and McLoughlin, 2016) . It is also a common cause of human diseases, ranging from minor cutaneous infections to invasive hematogenous infections, as observed in children and young adults with necrotizing staphylococcal pneumonitis (Gillet et al., 2002) . Most severe staphylococcal diseases remain unexplained. Various acquired immunodeficiencies, including those resulting from infection with HIV, hemodialysis, chemotherapy, intravenous drug use, central catheters and vascular lines, increase the likelihood of severe staphylococcal disease (Lowy, 1998) . The pathogenesis of invasive staphylococcal disease is complex in such settings, often involving neutropenia, skin breaches, or both. Alternatively, severe staphylococcal disease may result from various single-gene inborn errors of immunity, including disorders of phagocytes in particular (Zhang et al., 2015) . Disorders of the Toll-like receptor (TLR) and interleukin (IL)-1R pathway, inborn errors of nuclear factor-kappa B (NF-kB), severe congenital neutropenia, chronic granulomatous disease, leukocyte adhesion deficiency, and autosomal dominant hyper immunoglobulin E (IgE) syndrome have all been implicated in severe staphylococcal disease (Bousfiha et al., 2015) . All these defects affect phagocytes, albeit in different ways. Clinical features differ between patients with staphylococcal disease, reflecting the diversity of the underlying inborn errors.
Autosomal recessive MyD88 and interleukin-1 receptorassociated kinase 4 (IRAK-4) deficiencies selectively impair signaling via the TLR and IL-1R pathway (Picard et al., 2003; von Bernuth et al., 2008) . More than 80 patients with these deficiencies have been diagnosed worldwide (reviewed in Picard et al., 2010) . These patients are susceptible to invasive bacterial infections, particularly those caused by Streptococcus pneumoniae, but also those caused by S. aureus. They also develop superficial staphylococcal infections (Picard et al., 2011) . Leukocytes from patients with deficiencies of IRAK-4 or MyD88 do not respond to activation via IL-1Rs or TLRs other than TLR3, which signals via toll/IL-1 receptors (TIR)-domain-containing adapter-inducing interferon-b (TRIF), but not MyD88, and TLR4, which signals via TRIF or MyD88. The molecular and cellular basis of staphylococcal disease in these patients remains unknown. We investigated this aspect by testing the hypothesis that severe staphylococcal disease in otherwise healthy children may be caused by mutations in other genes of the TLR and IL-1R pathway (Casanova, 2015a; Casanova, 2015b) .
RESULTS

Homozygous TIRAP R121W Mutation in a Child with Severe Staphylococcal Infection
We investigated a 9-year-old girl admitted to the intensive care unit with pneumonia and sepsis caused by Panton Valentine leukocidin (PVL)-producing S. aureus, at the age of 3 months (P1; V.1; Figure 1A ). She was born to consanguineous parents of Pakistani descent living in the United Kingdom. The presumed complete genetic tree was assessed by inferring relationships with King software based on genome-wide SNP genotyping (Manichaikul et al., 2010; Figures 1A and S1A) . Known genetic etiologies of primary immunodeficiencies (PIDs) associated with life-threatening staphylococcal diseases were excluded by whole-exome sequencing (WES) and Sanger sequencing. We searched for rare variants (minor allele frequency [MAF] < 1%) and identified a homozygous substitution, c.361C > T, in exon 5 of TIRAP, which encodes a TIR-domain-containing adaptor of TLR2 and TLR4 (Fitzgerald et al., 2001; Horng et al., 2001; Yamamoto et al., 2002a) . We confirmed the TIRAP mutation by Sanger sequencing of P1's genomic DNA extracted from whole blood cells (WBCs), Epstein-Barr virus-immortalized B lymphocytes (EBV-B cells), and SV40-immortalized fibroblasts (SV40 fibroblasts) ( Figure 1B ). This missense variant results in the replacement of the arginine residue in position 121 of the TIR domain of TIRAP with a tryptophan residue (R121W; Figure 1C ). The R121 residue of TIRAP has been strongly conserved throughout evolution ( Figure 1D ). It is also conserved in 21 of the other 26 human molecules containing a TIR domain identified to date (e.g., R196 in MyD88; Figure S1B ). In silico analysis with combined annotation dependent depletion (CADD) and mutation significant cutoff (MSC) predicted that the R121W variant would be deleterious (Itan et al., 2016; Kircher et al., 2014) . TIRAP is well conserved in the human population, with a neutrality index of 0.2346 (McDonald and Kreitman, 1991) and a gene damage index (GDI) of 5.46 (Itan et al., 2015) . No other rare or common variants of TIRAP were found in P1. No rare bi-allelic mutations were found in other genes of the TIR pathway, including those encoding individual TLRs and the other three TLR adaptors (TRAM, SARM, and TRIF). Moreover, no other candidate variant was identified in the linkage regions defined by parametric multipoint linkage analysis (STAR Methods section) or among the other 107 non-synonymous rare homozygous variants found in P1 (Table S1 ). The patient was therefore homozygous for a potentially deleterious rare allele of TIRAP.
Homozygosity for the Rare R121W TIRAP Variant in Seven Healthy Relatives This variant was not detected in 140 Pakistani individuals from the human genome diversity cell line -Centre d'É tude du Polymorphisme Humain (HGDP-CEPH) panel. Eight heterozygous but no homozygous individuals were reported among 57,085 individuals from the Exome Aggregation Consortium (ExAc) database (MAF = 0.00007). This variant was detected, in the heterozygous state, in 3 of 3,033 individuals (6,066 chromosomes) in our in-house exome database. This patient was therefore homozygous for a rare TIRAP missense allele, with a MAF of less than 1/10,000. Surprisingly, however, seven relatives of P1 were also found to be homozygous for the R121W TIRAP mutation, including the proband's father (aged 33 years), four of the father's siblings (aged 20-28 years) and both his parents (aged 53 and 54 years; Figure 1A ). None of these individuals carried TIRAP polymorphisms. The proband's mother and younger sister were heterozygous for the R121W allele. None of these relatives, whether heterozygous or homozygous for the TIRAP allele, had ever suffered from any severe infection, including staphylococcal infections in particular. Thus, eight individuals from a consanguineous Pakistani kindred, including a child with severe staphylococcal infection and seven asymptomatic adults, were homozygous for a rare and probably deleterious TIRAP allele. These data suggested that P1 had autosomal recessive TIRAP deficiency, with incomplete penetrance for severe staphylococcal disease. We therefore investigated whether the eight individuals had TIRAP deficiency and the mechanisms underlying incomplete clinical penetrance.
Normal mRNA and Protein Levels for the R121W TIRAP Allele Human TIRAP encodes two isoforms ( Figure 1C ) generated by four different transcripts. Two transcripts (NCBI: NM_001039661.1 and NM_001318777) encode isoform A, which contains 221 amino acids (aas) (23.8 kDa), whereas the other two transcripts (NCBI: NM_001318776 and NM_148910) encode isoform B, which contains 235 aas (25.3 kDa). The R121W mutation is located in exon 5 of reference transcript (encoding a sequence present in all isoforms). We assessed the impact of the mutation by inserting the wild-type (WT) and R121W alleles into pCDNA3.1-V5 vectors encoding a C-terminally tagged version of each of the isoforms of TIRAP. Following the transient transfection of HEK293T cells, the R121W allele yielded levels of both isoforms (A and B) about (E) HEK293T cells were transfected for 48 hr with either TIRAP isoforms (A and B), in the WT form or with the R121W mutation. Western blot was performed on whole-cell extracts with a mouse monoclonal anti-TIRAP antibody and an anti-V5 tag antibody (n = 3). (F) qRT-PCR was performed to determine the levels of the transcripts encoding TIRAP isoforms A and B in SV40 fibroblasts (from five controls, P1, and P1's father and mother), PBMCs (from nine controls, P1, and P1's aunt), and EBV-B cells (from five controls and P1). SV40 fibroblasts stably transfected with the cDNA encoding isoforms A, B, or A and B were used as controls to test probe specificity. TIRAP mRNA levels encoding isoform A or B are expressed relative to GAPDH mRNA levels (2 DDC(t) method). For each probe, the results were normalized relative to one of the controls, for which the value had been set to 1. Error bars show SD (n = 2).
(G) TIRAP protein levels in PBMCs from two controls, P1's father, and P1, as determined by western blotting with an anti-TIRAP mouse mAb. ImageJ software was used for quantification (n = 1). Error bars show SD. See also Figure S1 .
50% lower than those obtained with the WT allele ( Figure 1E ). This suggested that both R121W TIRAP isoforms were somewhat less stable than the WT isoforms, at least when tagged molecules were overproduced in HEK293T cells. We then evaluated TIRAP mRNA levels for both isoforms by qRT-PCR and RT-PCR in SV40 fibroblasts from P1, her father (R121W/R121W), and her mother (R121W/WT) and by qRT-PCR in EBV-B cells from P1 and peripheral blood mononuclear cells (PBMCs) from P1 and her aunt (R121W/R121W; Figures 1F, S1C, and S1D). P1, her father, mother, and aunt had mRNA levels within the normal range for the controls, with transcripts encoding isoform A predominating in the three cell types tested and in all individuals tested. We were unable to detect the endogenous expression of either of the two TIRAP isoforms by western blotting (WB) in SV40 fibroblasts from healthy controls, whereas TIRAP protein levels in control EBV-B cells varied considerably between individuals, consistent with the variability of mRNA levels between controls (data not shown; Figure 1F ). In PBMCs from healthy controls, only a 24-kDa protein, probably corresponding to isoform A, was detected, consistent with qRT-PCR results ( Figure 1G ). Homozygous family members had normal levels of this isoform of TIRAP in PBMCs. Overall, these data suggested that the R121W mutation had no detectable impact on mRNA or protein levels in circulating leukocytes.
Impaired Subcellular Localization of TIRAP R121W Isoforms
We assessed the subcellular distribution of the mutant TIRAP molecules. Fluorescence microscopy of HEK293T cells transiently transfected with a pcDNA3.1 vector encoding the WT isoform A of TIRAP V5-tagged and labeled with Alexa-488-conjugated anti-V5 antibodies showed WT TIRAP to be present in precise small dots in the cytoplasm, whereas transfection with the R121W TIRAP construct resulted in diffuse cytoplasmic staining ( Figure 2A ). For the quantification of this subcellular localization phenotype, we cotransfected cells with constructs encoding V5-tagged WT TIRAP and either myc-tagged WT or R121W TIRAP and then assessed the colocalization of the encoded proteins by determining Pearson's correlation coefficient (PCC) ( Figure 2B ). WT TIRAP had a PCC of 0.85 for colocalization with itself, whereas its PCC for colocalization with R121W was 0.25 (p < 0.0001). The R121W mutation therefore impaired the subcellular localization of TIRAP. We then investigated whether this cellular localization defect had an impact on the colocalization of TIRAP with its partner, MyD88. We obtained a PCC of 0.6 for the colocalization of WT TIRAP and MyD88, whereas the PCC for the colocalization of R121W TIRAP and MyD88 was 0.2 ( Figure 2C ; p < 0.0001). These data suggest that the R121W mutation impairs TIRAP trafficking within cells, thereby reducing the accessibility of this molecule to MyD88.
Impaired Interaction of the TIRAP R121W Isoforms with TLR2 and MyD88
Following stimulation, TLR2 or TLR4 recruits TIRAP, which recruits MyD88 to the receptor complex through TIR domain interactions (Horng et al., 2001; Yamamoto et al., 2002b) . The TIR domain interactions between MyD88 and TLR2 or TLR4 have been characterized in structural studies (Nada et al., 2012; Ohnishi et al., 2009) . Four residues of MyD88 have been identified as essential for this interaction, including R196, which is mutated (R196C) in three MyD88-deficient patients (von Bernuth et al., 2008) . The R196 residue of MyD88 corresponds to the R121 residue of TIRAP ( Figure S1B ; Valkov et al., 2011) . Like the R196C mutation of MyD88, the R121W mutation of TIRAP seems to have at most a modest impact on protein levels ( Figure 1G ). The R121W mutation may impair the interaction of TIRAP with MyD88, thereby preventing downstream signaling and the activation of target gene transcription. The R121W mutation may also impair TIRAP interaction with TLR2 and TLR4 (Lin et al., 2012) . We tested these hypotheses by first performing in vitro co-immunoprecipitation assays in HEK293T cells transfected with the WT and R121W TIRAP isoforms A and B, together with TLR2 or MyD88. Both WT TIRAP isoforms interacted with TLR2, whereas this interaction was strongly impaired when HEK293T cells were transfected with the R121W TIRAP isoforms ( Figure 2D ). Similarly, both WT TIRAP isoforms interacted with MyD88, whereas this interaction was strongly impaired when HEK293T cells were transfected with either R121W TIRAP isoform ( Figure 2E ). We also assessed TLR2/MyD88 co-immunoprecipitation after PAM 2 CSK 4 (PAM 2 ) stimulation in SV40 fibroblasts from healthy controls, P1's mother (heterozygous for TIRAP R121W), and P1 and her father, who are both homozygous for the mutant form of TIRAP ( Figure 2F ). The co-immunoprecipitation of TLR2 and MyD88 was observed upon TLR2 stimulation in both control and R121W-heterozygous fibroblasts, but not in R121W-homozygous fibroblasts, whereas MyD88 mutant fibroblasts (L93P/ R196C) displayed an intermediate pattern. These data suggest that the R121W mutation disrupts the interaction of both TIRAP isoforms with their TLR2 (and presumably TLR4) and MyD88 partners. These data, therefore, suggest that individuals homozygous for R121W have a complete functional deficiency of TIRAP.
The R121W TIRAP Allele Is Loss of Function
The transient transfection of SV40 fibroblasts from P1 and her father with a vector encoding WT TIRAP isoform A or B induced IL-6 production to levels similar to those in transfected control cells ( Figure 3A ). With this high background, the increase in response to TLR2 or TLR4 stimulation was only modest, in both cell types (data not shown). By contrast, the transfection of these SV40 fibroblasts with constructs encoding either of the R121W TIRAP isoforms had no effect ( Figure 3A ). Overexpression of the WT MyD88 allele in SV40 fibroblasts from the control, P1, her father, or a MyD88-deficient patient led to the constitutive activation of IL-6 production, but the overproduction of WT TIRAP in MyD88-deficient fibroblasts did not. Moreover, the stable transfection of fibroblasts from P1 or her father with lentiviral particles encoding WT TIRAP isoform A or B, or both, rescued constitutive IL-6 production, whereas no such rescue was observed after stable transfection with the R121W TIRAP construct or the empty vector ( Figure S2A ). Finally, the overproduction of each TIRAP WT isoform in HEK293T cells, as already shown for TIRAP isoform A, induced constitutive activation of the NF-kB pathway and IL-6 production ( Figure 3B ; Horng et al., 2001) , whereas no such activation was observed following the overproduction of TIRAP R121W isoforms. Thus, the R121W TIRAP allele is loss of function, at least for constitutive and MyD88-dependent IL-6 induction following overexpression in fibroblasts.
Impaired Responses via TLR2 and TLR4 in Fibroblasts
Homozygous for the R121W TIRAP Allele TLR2 heterodimerizes with TLR1 for the recognition of triacylated lipopeptides (Jin et al., 2007) , which are present in most Gram-positive bacteria, including S. aureus (Kurokawa et al., 2009) , and with TLR6 for the recognition of diacylated lipopeptides, also present in S. aureus (Buwitt-Beckmann et al., 2006) . It also polymerizes with TLR6 and CD36 for the recognition of (2008) . TLR4 recognizes lipopolysaccharides (LPS) from Gram-negative bacteria (Poltorak et al., 1998) . Macrophages and dendritic cells from TIRAP-deficient mice display abolished responses to the stimulation of TLR1/2, TLR2/6, and TLR4, and splenocyte proliferation in response to LPS is impaired (Horng et al., 2002; Yamamoto et al., 2002a) . Human SV40 fibroblasts express TLR2 at their surface (data not shown). We thus assessed their cytokine production following stimulation with TLR2 and TLR4 agonists (PAM 2 and FSL-1, (A) HEK293T cells were transfected with a construct encoding a V5-tagged WT or mutant isoform A of TIRAP for 36 hr and then labeled with an Alexa-488-conjugated anti-V5 antibody. Analyses were carried out by ApoTome fluorescence microscopy. The images shown are representative of three independent experiments and correspond to >95% of the images obtained (30 images were acquired per experiment).
(B and C) HEK293T cells were cotransfected with constructs encoding TIRAP WT-V5 and either myc-tagged WT TIRAP or myc-tagged R121W TIRAP in (B) or cotransfected with constructs encoding myc-tagged MyD88 and either V5-tagged WT TIRAP or R121W TIRAP in (C) . V5-tagged proteins were labeled with Alexa-488-conjugated anti-V5 antibodies, and myc-tagged proteins were labeled with Alexa-Fluor-555-conjugated anti-myc antibodies. Colocalization analysis was performed with ImageJ software by calculating Pearson's correlation coefficient (PCC). Three independent experiments were performed, and 30 cells were analyzed in each experiment. Error bars show the SD.
(D and E) HEK293T cells were cotransfected with constructs encoding TIRAP A or B isoform with a V5 tag, WT or mutated, and with a construct encoding HAtagged TLR2 (D) or and with a construct encoding M2-tagged MyD88 (E). HA or M2 immunoprecipitations and V5 immunoblotting were then performed on total cell extracts (n = 2).
(F) Co-immunoprecipitation of TLR2 and MyD88 with or without PAM 2 stimulation for 10 and 30 min in SV40 fibroblasts from a control (WT/WT), P1's mother (R121W/WT), a MyD88-mutated patient (MyD88 L93P/R196C), and P1 and her father (both R121W/R121W); (n = 2).
two TLR2/6 synthetic agonists; purified LTA from S. aureus, another TLR2/6 agonist; PAM 3 CSK 4 [PAM 3 ], a synthetic TLR1/ 2 agonist; LPS and synthetic lipid A, two TLR4 agonists). We detected cytokine production by control fibroblasts upon stimulation by all these agonists. The response to PAM 2 was both TLR2 and TIRAP dependent, as demonstrated by the inhibition of IL-6 induction by small interfering RNAs (siRNAs) specific for TLR2 and TIRAP ( Figure S2B ), respectively, but not by scrambled siRNA. The responses to LPS and lipid A were also TLR4 and TIRAP dependent (data not shown). Little or no IL-6 induction was observed in response to PAM 2 , LTA, FSL-1, PAM 3 , LPS, lipid A, and heat-killed S. aureus (HKSA) in SV40 fibroblasts from P1 and her father (both R121W/R121W) or in IRAK-4-and NF-kappa-B essential modulator (NEMO)-deficient cells (Figure 3C ). However, unlike IRAK-4-and NEMO-deficient cells, SV40 fibroblasts from P1 and her father responded normally to IL-1b. All SV40 fibroblasts other than NEMO-deficient cells responded to tumor necrosis factor alpha (TNF-a) and poly(I:C) (a TLR3 agonist in human fibroblasts; Zhang et al., 2007) . These data suggest that homozygosity for the R121W allele abolishes TLR1/2 and TLR2/6 responses and strongly impairs TLR4 responses in human fibroblasts, consistent with the findings reported for TIRAP-deficient mouse macrophages and dendritic cells (Horng et al., 2002; Yamamoto et al., 2002a) .
Impairment of Phagocyte Responses via TLR2 and TLR4 in R121W TIRAP Homozygotes
We investigated P1's leukocyte responses to TLR2 and TLR4 agonists. CD62L (L-selectin) is a transmembrane protein cleaved by the metalloproteinase tumor necrosis factor-alpha converting enzyme (TACE) upon TLR stimulation (Peschon et al., 1998) . CD62L shedding in response to the stimulation of all TLRs other than TLR3 is abolished in granulocytes from IRAK-4-and MyD88-deficient patients (von Bernuth et al., 2006) . The granulocytes from six R121W/R121W individuals tested displayed impaired CD62L shedding in response to 1 hr of stimulation with the TLR2 (PAM 2 , FSL-1, LTA, and PAM 3 ) and TLR4 agonists (LPS) tested when compared with two healthy controls and P1's heterozygous mother, but their response to PMA was normal (Figure 3D ). In addition, the stimulation of PBMCs with various doses of PAM 2 , FSL-1, LTA, PAM 3 , and LPS for 3 hr showed no intracellular labeling for IL-6 and TNF-a in CD14 + cells, particularly at low agonist concentrations ( Figures 3E and S2C) . Similarly, transcriptome analysis after the stimulation of P1's whole blood for 2 hr suggested that the induction of gene expression in response to PAM 2 , FSL-1, or LTA was abolished and that the induction of gene expression in response to PAM 3 or LPS was impaired, but not abolished ( Figure S2D ). These data suggest that granulocytes from R121W TIRAP homozygotes do not respond to the stimulation of TLR1/2, TLR2/6, and TLR4, whereas their monocytes do not respond to TLR2/6 and respond poorly to TLR1/2 and TLR4.
Residual Responses to High Concentrations of TLR Agonists in Monocytes Homozygous for R121W TIRAP
After 3 hr of stimulation, the responses of monocytes from R121W-homozygous PBMCs to low doses (10 ng/mL) of PAM 3 were abolished, but the levels of production of both IL-6 and TNF-a in response to agonist stimulation at concentrations above 1 mg/mL were similar to those of healthy controls, suggesting the existence of TIRAP-independent responses to high concentrations of PAM 3 and, possibly, other TLR2 agonists, at least in some cell types ( Figures 3E and S2C ). An effect of contaminants is unlikely, as the agonist used was synthetic. Moreover, low levels of TNF-a induction were observed in response to LPS stimulation in CD14 + cells from the R121W-homozygous PBMCs tested. After 48 hr of stimulation, IL-6 production in response to PAM 3 (1 mg/mL) was normal in the PBMCs of all homozygous individuals tested, whereas it was profoundly impaired, but not abolished, in response to LPS (1 ng/mL) and lipid A (1 mg/mL); responses to PAM 2 (1 mg/mL), FSL-1 (100 ng/mL), and LTA (1 mg/mL) were abolished ( Figures 4A and S3A ). These results confirm the deleterious effect of the R121W allele on TLR2 and TLR4 responses in leukocytes. However, the normal induction of IL-6 production observed in R121W/R121W monocytes in response to TLR1/2 stimulation with PAM 3 at late time points and high concentrations of agonist (and, to a lesser extent, in response to stimulation with LPS and lipid A) further suggests that TIRAP may be redundant in such circumstances, as we ruled out the possibility of the mutant TIRAP protein having residual activity. Alternatively, PAM 3 and LPS/lipid A may also be recognized independently of TLR2 and TLR4, respectively. In the absence of TLR2-or TLR4-deficient subjects, given that the R121W TIRAP allele is loss of function, we can conclude that these late responses to high concentrations of TLR agonists were probably either TIRAP or TLR independent.
Impaired Whole-Blood Response to LTA and Lack of Anti-LTA Abs in P1 In all individuals homozygous for the TIRAP R121W allele tested, IL-6 production by whole blood in response to 48 hr of TLR2/6 stimulation with PAM 2 and FSL-1 was impaired, whereas normal levels of IL-6 were produced in response to TLR1/2 stimulation with PAM 3 and TLR4 stimulation with LPS and lipid A ( Figures  4B and S3A) . However, the induction of IL-6 via TLR2/6 in response to LTA was reproducibly abolished in the whole blood of P1, whereas a normal response was observed for the other individuals homozygous for R121W TIRAP tested ( Figure 4B ). We investigated this striking difference in cellular phenotype, which we considered to be of potential clinical relevance as only P1 suffered from staphylococcal disease. The leukocyte response to LTA response is mediated principally by TLR2/6 heterodimers acting in concert with CD36 (Jimenez-Dalmaroni et al., 2009), but anti-LTA antibodies (Abs) have been shown to enhance this response through the recognition of their invariant IgG domain by CD32 (Bunk et al., 2010) . The response to LTA was impaired in PBMCs, granulocytes, and monocytes from all R121W homozygotes (including P1) but normal in the whole blood of all these individuals, other than P1. We therefore used ELISAs to test for the presence of circulating anti-LTA Abs in the plasma of individuals from these kindred. P1 was the only member of this kindred for whom anti-LTA IgG Abs were reproducibly undetectable in ten plasma samples taken between the ages of 4 months and 9 years. No maternal anti-LTA antibodies were detected in the plasma of P1 during the infectious episode. By contrast, the six relatives homozygous for R121W TIRAP tested and P1's mother (R121W/WT) had high titers of anti-LTA Abs ( Figure 4C ). P1 had high titers of Abs directed against H. influenzae, pneumococcal polysaccharides, tetanus, diphtheria toxins, and 68 other staphylococcal antigens, such as PVL and hemolysin-a ( Figure S3B ; Table S2 ). P1 was unique among the eight R121W homozygotes in three ways: her whole blood did not respond to LTA; she had no LTA-specific Abs in her plasma; and she suffered from invasive staphylococcal disease.
Rescue of the Whole-Blood LTA Response in P1 with LTA-Specific mAbs We investigated whether the lack of anti-LTA IgG was responsible for the lack of whole-blood responses to LTA by testing 26 healthy adults, 22 healthy children, 246 sick children (67 with invasive staphylococcal infections and 179 with other infections), seven patients with MyD88 or IRAK-4 deficiency (all of whom presented staphylococcal disease), and ten patients with severe PVL + S. aureus pneumonia for the presence of specific anti-LTA Abs ( Figure 4C ). All healthy adults and IRAK-4-and MyD88-deficient patients; most of the children (62%), whether healthy (96%), with S. aureus infections (72%), or with other types of infections (54%); and up to 60% of the patients with severe PVL + S. aureus pneumonia had high levels of serum anti-LTA Abs. Three of this last group of patients had a normal whole-blood response to LTA stimulation 1-8 months after infection (data not shown). Thus, the age at which serum anti-LTA IgG antibodies appear varies in the population, even after staphylococcal disease, consistent with previous reports (Wergeland et al., 1989) . Our results also indicate that the absence of anti-LTA IgG does not influence the whole-blood response to LTA in TIRAP-expressing individuals (data not shown). IL-6 production in response to LTA stimulation was restored by incubating P1's PBMCs with LTA-responsive control plasma, suggesting that circulating anti-LTA Abs may rescue TIRAP deficiency ( Figure S3C ). We tested this hypothesis by adding a chimeric mouse anti-LTA monoclonal antibody (mAb) to whole blood from healthy controls, P1, her aunt, and an IRAK-4-deficient patient or to PBMCs from healthy controls and P1 ( Figures 4D, 4E, and S4A ). This restored IL-6 production in response to LTA stimulation in whole blood and PBMCs from P1, whereas an isotypic control mAb (directed against RSV) had no effect. Monocytes were the principal producers of IL-6 upon LTA stimulation in the presence of anti-LTA mAb ( Figure S4B ; Bunk et al., 2010) . The specific lack of anti-LTA Abs in the plasma of P1 therefore accounts for the abolition of IL-6 induction in the whole blood of this particular R121W homozygote in response to LTA stimulation via TLR2/6. The only R121W TIRAP homozygote to display catastrophic staphylococcal disease (P1) mounted no antibody response to LTA, and her whole blood was unable to respond to LTA. The LTA-specific mAb did not rescue the response of IRAK-4-deficient cells, suggesting that the response of these cells is mediated by the canonical TLR2-MyD88 pathway. However, no TLR2-and MyD88-deficient individuals were available for study.
Anti-LTA mAb Restores the LTA Response in TIRAPDeficient Mouse Macrophages
We tested this model in mice. Like MyD88-and TLR2-deficient human macrophages, TIRAP-deficient mouse macrophages do not respond to TLR2 stimulation (Horng et al., 2001; Yamamoto et al., 2002a) . We investigated whether the addition of exogenous anti-LTA antibodies restored the response to TLR stimulation. We first determined whether such Abs were present in mouse sera. No anti-LTA Abs were detected by ELISA in the 15 mice used for the study (data not shown). Mouse peritoneal macrophages from WT B6, Tirap
and Tlr2
À/À mice (n > 3) were then treated with LTA or low doses of PAM 3 for 24 hr, and the production of IL-6 and TNF-a was assessed in the presence and absence of exogenous anti-LTA or isotype control Abs. As in cells from P1, anti-LTA Abs restored the production of IL-6 and TNF-a in response to LTA, but not PAM 3 , in TIRAP-deficient mouse macrophages ( Figures 4F and S4C) , whereas no such restoration was observed with the isotype control mAb. MyD88-and TLR2-deficient macrophages did not respond in this way to the addition of anti-LTA mAb. These findings unequivocally demonstrate that the TIRAP-independent mechanism compensating for TIRAP deficiency in the presence of anti-LTA Abs in mice and, by inference, in humans is dependent not only on IRAK4 but also on both TLR2 and MyD88. These data establish a plausible mechanism for the occurrence of staphylococcal disease in P1, but not in any of the other seven TIRAP-deficient individuals. The lack of anti-LTA IgG results in a failure to compensate for TIRAP deficiency, preventing leukocyte responses to staphylococcal LTA via TLR2/6, thereby accounting for invasive staphylococcal disease.
DISCUSSION
We describe here a large family with autosomal recessive TIRAP deficiency. Eight family members are homozygous for the rare TIRAP R121W mutation affecting the TIR domain. TIRAP has been shown to play a crucial role in the TLR2-and TLR4-mediated and MyD88-dependent pathways in mice as an adaptor between these two TLRs and MyD88. Our data show that the R121W TIRAP allele is loss of function, as opposed to hypomorphic, because it cannot interact with upstream TLRs and downstream MyD88. TIRAP-deficient mouse macrophages display impaired activation of NF-kB in response to the stimulation of TLR2 and TLR4 by MALP2, PGN (peptidoglycans; TLR2/6), BLP (bacterial lipopeptides; TLR1/2), and LPS, respectively. LPS-induced splenocyte proliferation and cytokine production are also impaired in TIRAP-deficient mice, which are resistant to LPS-induced septic shock (Horng et al., 2002; Yamamoto et al., 2002a) . Consistently, fibroblasts, granulocytes, and monocytes from TIRAP-deficient humans do not respond to TLR2/6 agonists PAM 2 , FSL-1, and LTA. However, residual activation of the TLR2 pathway was recently reported in mouse TIRAP-deficient macrophages, in response to high concentrations of PAM 3 (TLR1/2) and MALP2 (TLR2/6; Kenny et al., 2009). Moreover, prolongation or enhancement of the interaction between mouse TLR2 and its agonists PAM 2 (TLR2/6) and PAM 3 (TLR1/2) can induce TIRAP-independent responses, whereas MyD88 remains strictly required for all TLR2-dependent responses (Cole et al., 2010) . These findings suggest that the response of R121W/R121W monocytes to high concentrations of or prolonged stimulation with PAM 3 may be due to TIRAP-independent responses mediated via TLR1/2 and MyD88. Likewise, residual responses to LPS/lipid A in the patients may be TLR4 and MyD88 dependent. Our study thus provides the first comprehensive description of inherited TIRAP deficiency in humans, highlighting the essential role of this protein for TLR2/6 signaling. Our results also confirm that TIRAP is less critical than MyD88 and IRAK-4 for TLR1/2 and TLR4 responses, as it can be bypassed by increasing agonist concentration or the duration of stimulation. The mouse TLR2 pathway plays an important role in host defense against S. aureus (Takeuchi et al., 2000) . Humans with inherited IRAK-4 and MyD88 deficiencies are also prone to staphylococcal disease (Picard et al., 2010; von Bernuth et al., 2012) , indicating that the human TIR signaling pathway is essential for protective immunity to S. aureus. The specific contribution of individual human TLRs and IL-1Rs has remained unclear . We show that homozygosity for the loss-of-function R121W allele of TIRAP severely impairs but does not abolish responses to TLR1/2 and TLR4 stimulation, whereas it abolishes responses to TLR2/6 stimulation. Impaired responses to TLR2 are much more likely than impaired responses to TLR4 to have contributed to the development of staphylococcal disease in P1, as S. aureus is a Gram-positive bacterium that contains both TLR1/2 and TLR2/6 agonists, including LTA in particular, but does not produce LPS (Lowy, 1998) . However, the TIRAP mutation alone is not sufficient to account for P1's staphylococcal disease, as none of the other seven affected relatives had had any serious staphylococcal infections, despite frequent exposure to these commensal bacteria. The bacterial load in the initial inoculum or the nature of the strain may influence the ability of TIRAP-deficient individuals to mount a protective immune response. It may therefore be relevant that P1 was infected with a PVL-positive strain of S. aureus; these relatively rare staphylococci are known to be more pathogenic in humans (Gillet et al., 2002) . The observed clinical differences may also reflect the young age at which P1 encountered this pathogenic strain of S. aureus. The proband has been doing well for the last 9 years, perhaps partly due to her robust Ab response to all staphylococcal antigens tested other than LTA. She is, however, on antibiotic prophylaxis (without IgG substitution, which would provide LTA-specific Abs; Figure S4D ), making it impossible to draw firm conclusions concerning the efficacy of her current immune response to staphylococci.
A more likely hypothesis is based on the observation that P1 was the only TIRAP-deficient individual in the kindred to display a complete lack of whole-blood TLR2/6-dependent responses to staphylococcal LTA. This lack of response was causally related to the specific absence of circulating Abs against LTA in P1, as the phenotype was not only specific to this patient and absent from the other seven TIRAP-deficient relatives but also complemented by the addition of LTA-specific mAbs to cells from P1. Monocytes are responsible for the response of TIRAP-deficient whole blood and PBMC to LTA in the presence of LTA-specific Abs. Moreover, TIRAP-deficient mouse macrophages responded to LTA via TLR2 in the presence of LTA-specific Abs. This Ab defect may, again, reflect the young age of P1, as LTA Abs first appear during childhood and their levels increase into adolescence with considerable inter-individual variability (Dryla et al., 2005; Wergeland et al., 1989) . If this is indeed the case, then the lack of staphylococcal disease during childhood in the other R121W homozygotes may have resulted from the staphylococci encountered being insufficiently virulent to cause disease, an earlier Ab response to LTA (triggered by any Gram-positive bacterium), or both. The normal levels of anti-LTA Abs in IRAK-4-and MyD88-deficient children (and the six TIRAP-deficient individuals other than P1 tested) indicate that a deficiency of TLR signaling pathways does not account for the lack of anti-LTA Ab production in P1. Furthermore, IRAK-4-deficient patients lack IL-6 production by whole blood in response to LTA ( Figure S4A ), despite presenting high titers of endogenous anti-LTA Abs, and even in the presence of exogenous anti-LTA mAb, indicating that the response to LTA mediated by anti-LTA Ab is TIRAP independent but IRAK-4 dependent. Moreover, the LTA responses of mouse macrophages lacking MyD88 or TLR2 are not rescued by LTA-specific Abs, unlike those of TIRAP-deficient macrophages. The TIRAP-independent pathway rescued by LTA-specific Abs is therefore also TLR2 and MyD88 dependent. This rescue is probably mediated by the Fc receptor CD32 (Bunk et al., 2010) , although CD32-deficient humans and mice were not tested.
The sustained lack of anti-LTA Abs in P1 is probably intrinsic and remains unexplained. However, this is not a unique feature, as approximately half the children under the age of 9 years with no history of staphylococcal disease tested here had no detectable anti-LTA Abs. P1's serum was not tested before disease onset, but the observed Ab defect is unlikely to be a consequence of staphylococcal disease, as infection should have triggered the Ab response and other children with staphylococcal disease (even with clinical phenotypes identical to that of this patient) produce such Abs. This defect is not the sole cause of the staphylococcal disease observed in P1, as children with various forms of Ab deficiency, including agammaglobulinemia, are not prone to such staphylococcal disease (Conley et al., 2009) . The combined effects of a lack of anti-LTA Abs and the inherited TIRAP deficiency (i.e., of an acquired adaptive deficiency and an inborn innate deficiency) therefore underlie staphylococcal disease in this particular patient (Casanova et al., 2014) . In the other individuals, IgG-dependent, adaptive immunity to LTA operates as a somatic modifier, selectively rescuing the inborn error of TIRAP, which disrupts TLR2-, TIRAP-, and MyD88-dependent innate immunity to LTA and staphylococci. This specific observation does not explain why staphylococcal (and pneumococcal) diseases become less frequent from adolescence onward in patients with inherited MyD88 or IRAK-4 deficiencies whose cells do not respond to LTA in the presence of LTA-specific Abs. However, it suggests that other mechanisms of acquired immunity may be at work. In these patients, adaptive immunity is more likely to compensate (via pathways other than IRAK-4-MyD88) than to rescue (via the IRAK-4-MyD88 pathway itself) innate immunity. Nevertheless, our findings show that the clinical penetrance of an inborn error of innate immunity may be determined by adaptive immunity. This finding is consistent with twin studies in humans, which have revealed heritability to be lower for adaptive immunity than for innate immunity (Brodin et al., 2015; Casanova and Abel, 2015) . The somatic diversity of adaptive immune responses can compensate or even rescue inborn errors of innate immunity.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Clinical samples
PBMCs and blood experiments were performed using fresh blood collected in heparinized tubes from healthy volunteer obtained from French National Blood Service (The Etablissement Franç ais du Sang), the patient and her family, as well as from one IRAK4À/À patient. All plasma studies were conducted using archival plasma samples from 26 healthy adults, 22 healthy children, 67 children with invasive staphylococcal infections, 179 children with other type of infections), 7 patients with MyD88 or IRAK-4 deficiency and 10 patients with severe PVL + S. aureus pneumonia.
The experiments described here were conducted in accordance with local, national and international regulations and were approved by the French Ethics committee (ID-RCB: 2010-A00650-39), ANSM, (French National Agency for Medicines and Health Products Safety; B100713-40) and by the French Ministry of Research (IE-2010-547) . Informed consent was obtained from all patients or their families, in the case of minors, in accordance with the World Medical Association, the Helsinki Declaration, and EU directives.
Cell lines
Primary human fibroblasts were grown from skin biopsy specimens and immortalized with SV40 T antigen (SV40 fibroblasts). They were cultured in DMEM (GIBCO BRL, Invitrogen, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (GIBCO BRL, Invitrogen, USA). All cells were grown at 37 C, under an atmosphere containing 5% CO 2 . The IRAK-4-and MyD88-deficient fibroblasts have been described elsewhere (Picard et al., 2003; von Bernuth et al., 2008) . NEMO-deficient fibroblasts were derived from a female fetus with a completely skewed pattern of X inactivation expressing the del4-10 NEMO allele.
Mice
MyD88À/Àmice was purchased from The Jackson Laboratory. Tirap tor/tor and Tlr2 lan/lan mice were generated on a pure C57BL/6J background by ENU mutagenesis and are described at http://mutagenetix.utsouthwestern.edu. Animals were housed in an animal facility on a 12 h/12 hr light/dark cycle with free access to food and water. All experimental procedures using mice were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Texas Southwestern Medical Center, and were conducted in accordance with institutionally approved protocols and guidelines for animal care and use. All the mice were maintained at the University of Texas Southwestern Medical Center in accordance with institutionally approved protocols.
METHOD DETAILS
Case report
We investigated a six-year-old girl of Pakistani origin, born full term, to second-degree consanguineous parents living in the United Kingdom (P1, V.1, Figure S1 ). She received four injections of a pentavalent vaccine against Haemophilus influenzae type b, Diphtheria, Bordetella pertussis, tetanus and poliovirus at the ages of 2, 4, 6 and 36 months. She also received three injections of a seven-valent conjugate vaccine against pneumococcus (Prevenar) at the ages of 2, 4 and 13 months and three injections of a conjugate meningococcus C vaccine at the ages of 3, 4 and 12 months. She received two injections of MMR vaccine. At the age of three months, she presented an acute respiratory illness leading to respiratory failure. PVL-producing S. aureus was identified as the cause of pneumonia and sepsis. On admission to the intensive care unit, the patient's C-reactive protein concentration was 52 mg/l (0 -6), peaking at 180 mg/l 24 hr later. The patient displayed a marked acidosis, with a pH of 6.9. Conventional respiratory and circulatory 
Genetic analysis
Human genomic DNA was isolated from polymorphonuclear (PMN) cells obtained from freshly collected whole blood by centrifugation on a Ficoll-Paque Plus gradient (GE Healthcare, GE Healthcare, Saclay, France), peripheral blood mononuclear cells (PBMCs) or cell lines (EBV-transformed B cells or SV40-immortalized fibroblasts). The cells were lysed by incubation overnight at 37 C in extraction buffer (10 mM Tris, pH 7.4, 1 mM EDTA, 0.5% SDS, and 10 mg/ml proteinase K). DNA was isolated by phenol/chloroform extraction, precipitated in ethanol and resuspended in 10 mM Tris, pH 7.4, 1 mM EDTA. Human RNA was isolated from SV40-transformed fibroblasts with Trizol reagent (Invitrogen Life Technologies, Paisley, UK), according to the manufacturer's instructions. RNA was reverse-transcribed with Superscript II reverse transcriptase (Invitrogen Life Technologies, Paisley, UK). PCR amplification was performed with the AmpliTaq DNA polymerase (Applied Biosystems, California, USA) and the GeneAmp PCR system 9700 (Applied Biosystem, California, USA). We amplified the full-length cDNA and the three coding exons of TIRAP separately. The conditions and primer sequences used for PCR amplification of the coding exons, including the flanking intron regions or cDNA sequences, are available upon request. The PCR amplicons were verified by electrophoresis in a 1% agarose gel and purified by centrifugation through Sephadex G-50 Superfine resin (GE Healthcare, Saclay, France) on multiscreen MAHV-N45 filter plates (Millipore, Molshein, France). The PCR products were sequenced by dideoxyribonucleotide termination methods, with the BigDye Terminator kit v3.1 (Applied Biosystem, California, USA) and appropriate primers (also available upon demand). Sequencing products were also purified by centrifugation through Sephadex G-50 Superfine resin and analyzed on an ABI Prism 3700 (Applied Biosystem, California, USA). Sequence files and chromatograms were analyzed with Genalys Software v3.3 from CNG, France (Takahashi et al., 2003) and Sequence Scanner Software v1.0 (Applied Biosystem, California, USA).
Exome sequencing
Massively parallel sequencing: Genomic DNA extracted from the patient's whole blood was sheared with a Covaris S2 ultrasonicator (Covaris). An adaptor-ligated library was prepared with the Paired-End Sample Prep kit V1 (Illumina). Exome sequencing was performed with the Agilent Sureselect All Exons kit V4 of the Agilent Sureselect all exons kit V4+UTR (Table S3) . We generated 2x100 base-pair (bp) paired-end reads on an Illumina HiSeq 2000.
Sequence alignment, variant calling, and annotation The sequences were aligned with the human genome reference sequence (hg19 build), with BWA aligner (Li and Durbin, 2009 ). Downstream processing was carried out with the Genome Analysis Toolkit (GATK) (McKenna et al., 2010) , SAMtools(Li and Durbin, 2009) , and Picard Tools (http://picard.sourceforge.net). Substitution calls were made with a GATK Unified Genotyper, whereas indel calls were made with a GATK IndelGenotyperV2. All calls with a read coverage % 2X and a Phred-scaled SNP quality % 20 were filtered out. All the variants were annotated with the GATK Genomic Annotator.
Genotyping and linkage analysis
Five members of this family (the proband, her parents, and her paternal grandparents) were genotyped with the Affymetrix Genomewide SNP 6.0 array. Five other members (two uncles, two aunts and the proband's sister) were genotyped with the Affymetrix Human Mapping 250K Nsp Array. Genotype calling was achieved with Affymetrix Power Tools.
(http://www.affymetrix.com/estore/partners_programs/programs/developer/tools/powertools.affx), for all 10 family members. We discarded monomorphic SNPs, SNPs with a call rate lower than 100% and SNPs presenting more than one Mendelian inconsistency within the family. SNPs were further filtered with population-based filters. We then used 117,517 high-quality SNP markers for linkage analysis. Parametric multipoint linkage analysis was carried out with Merlin software (Abecasis et al., 2002; Purcell et al., 2007) . The family founders and HapMap CEU trios were used to estimate allele frequencies and to define linkage clusters, with an r 2 threshold of 0.4.
Due to the high degree of inbreeding in this family and regarding lack of precise information about consanguinity loops, we performed different linkage analyses based on different models:
d A first analysis assuming autosomal-recessive inheritance with complete penetrance (homozygosity mapping), with a single loop of consanguinity at the level of the proband's parents; d A second analysis assuming autosomal-recessive inheritance with complete penetrance (homozygosity mapping), with two loops of consanguinity at the levels of the proband's parents and grandparents.
Each of these two analyses were performed twice, with the disease status of healthy individuals homozygous for the TIRAP mutation taken as 'healthy' or 'unknown'. Regions linked with an 'unknown' disease status included TIRAP as a candidate gene. This gene was not included in regions linked to a disease status of 'healthy'. The proband and her relatives (father, grandparents, aunt and uncles) carried the same haplotype for TIRAP. We used a combination of this analysis and exome sequence to search for potential modifier genes.
Kinship calculation
Kinship coefficients (the probability that two alleles sampled at random from two individuals are identical by state) were calculated with KING robust (Manichaikul et al., 2010) .
Quantitative PCR Total RNA was extracted from 0.5 million EBV-B cells or 0.5 SV40 fibroblasts or 0.1 million of PBMCs, with the ZR RNA MicroPrepZymo (ZR1061, Zymo research, California, USA), according to the manufacturer's instructions. RNA was reverse-transcribed with Superscript II reverse transcriptase (Life Technologies, California, USA). Real-time quantitative PCR (qPCR) was performed using 2 different probes (TaqMan Gene Expression Assays Life Technologies custom probes for isoform A and B, sequences available in the key resource table), with an initial denaturation at 95 C for 20 s, followed by 40 cycles of denaturation at 95 C for 3 s and annealing/extension at 60 C for 30 s. mRNA levels are expressed relative to GUS mRNA levels, as determined by the 2-DDC(t) method. Error bars were calculated from at least two independent experiments.
Cell lysis, immunoprecipitation, and immunoblotting Cells were lysed in a lysis buffer containing 30 mM Tris-HCl pH 7.5, 120 mM NaCl, 2 mM KCl, 1% Triton X-100, and 2 mM EDTA supplemented with protease inhibitor cocktail (cOmplete, Roche) and phosphatase inhibitor cocktail (PhoStop, Roche). Laemmli buffer supplemented with DTT was added to clear supernatants.
For immunoprecipitation, cells were lysed in lysis buffer (0.5% Triton X-100, 20 mM HEPES (pH 7.4), 150 mM NaCl, 12.5 mM b-glycerophosphate, 1.5 mM MgCl 2 , 10 mM NaF, 2 mM dithiothreitol, 1 mM sodium orthovanadate, 2 mM EGTA, 20 mM aprotinin, 1 mM phenylmethylsulfonyl fluoride). Cell extracts were incubated overnight at 4 C with 1 ug of the appropriate antibody and 20 ml of protein G Sepharose beads (prewashed and resuspended in lysis buffer at a 1:1 ratio). The beads were washed four times with lysis buffer.
Samples were separated by SDS-PAGE and the proteins were transferred onto a PVDF membrane. The membrane was blocked by incubation in TBS supplemented with 0.1% Tween 20 and 5% skimmed milk powder, and incubated with the primary antibody, followed by the appropriate horseradish peroxidase-conjugated secondary antibody. Immunoreactive proteins were visualized by enhanced chemiluminescence.
TIRAP cloning, overexpression and cell complementation
Complementary DNA was generated from RNA extracted from SV40 fibroblasts and the full-length A and B isoforms of TIRAP were amplified by PCR and inserted into a pCDNA3 vector with a C-terminal V5 tag. Site-directed mutagenesis was performed on the cDNAs for both isoforms, to introduce the R121W mutation. The primers used are available upon request. Sequencing confirmed that the mutation was incorporated, with no other alteration to the construct.
HEK293T cells were transfected with 1ug of each plasmid in 6cm petri dish with calcium phosphate (Thermofisher) according to manufacturer instructions. 36 hr later, cells were collected and lysed according to protocol above.
TIRAP-deficient and MyD88-deficient SV40 fibroblasts were transfected with 100 ng of empty pCDNA3 vector, pCDNA3-TIRAP-V5 vectors encoding isoform A WT, isoform B WT, isoform A with the R121W mutation, isoform B with the mutation, or pCDNA3-MyD88-V5, with the LTX transfection kit (Invitrogen, SARL, France), used according to the manufacturer's instructions. Twentyfour hr later, cells were stimulated by incubation with various ligands for 24 hr. The supernatants were harvested and IL-6 production was assessed by ELISA.
Immunostaining HEK293T cells stably transfected with a TLR2 construct (Invivogen) were plated and transfected with 1 mg in total of plasmids encoding the WT or mutant TIRAP, or MyD88, in IBIDI eight-well microslides. They were stained 36 hr after transfection, washed in 0.01% Tween in PBS, fixed by incubation with 4% PFA for 30 min and permeabilized by incubation with 0.3% Triton for 30 min on ice. Cells were then blocked by incubation in 3% BSA and 10% goat serum for 1 hr and stained with 1/500 anti-V5 (mouse) Ab or 1/500 antimyc (rabbit) (both from Invitrogen) for 1 hr. Secondary antibodies were then added. The cells were incubated for one hour in the dark and images were captured with an ApoTome microscope (Carl-Zeiss). Pearson's correlation coefficients were calculated with ImageJ software (JacoP plugin).
SV40 fibroblast stimulation and cytokine determinations by ELISA Twenty-four hours before stimulation, 1x10 5 SV40 fibroblasts were plated in 1 mL of DMEM supplemented with 2% FBS per well in a 24-well plate. Cells were either left unstimulated or were stimulated for 24 hr with different ligands: 10 ng/ml IL-1b (R&D Systems), 20 ng/ml TNF-a (R&D Systems), 25 mg/ml poly(I:C) (polyinosinic-polycytidylic acid from GE Healthcare) and TLR2 ligands: 1 mg/ml PAM 2 CSK 4 , 1 mg/ml PAM 3 CSK 4 , 1 mg/ml purified LTA-SA, 100 ng/ml FSL-1 (all from Invivogen), 1ug/ml of LPS (from Sigma).
Mouse macrophage stimulation A total of 1x10 5 mouse peritoneal macrophages from wild-type B6 or mutant mice (n R 3) (MyD88 À/À , Tirap tor/tor , Tlr2 lan/lan ) were treated with 40ng/ml of PAM 3 CSK 4 or 1ug/ml of purified LTA from S. aureus for 24 hr and supplemented with 0.5mg/ml of either isotype control (anti-RSV antibody) or anti-LTA antibodies. Supernatants were collected and analyzed by mouse IL-6 and TNF ELISA.
QUANTIFICATION AND STATISTICAL ANALYSES
Data are presented as the means ± SEM or SD (indicated in the legend for each figure) . The significance of differences between groups was evaluated using t test. The p value < 0.05 was considered significant. Statistical parameters including the exact value of n, precision measures (mean ± s.e.m) and statistical significance are reported in the Figures and the Figure Legends when necessary. Data are judged to be statistically significant when p < 0.05 by one-tailed Student's T-Test, where appropriate. In figures, asterisks denote statistical significance (*, p < 0.05; **, p < 0.01). Pearson correlation coefficients were calculated with PRISM and statistical significance is based upon the assumption that values exhibit a Gaussian distribution. Statistical analysis was performed in Graph Pad PRISM 6 or 7.
